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Introduction
Nowadays, energy and environmental issues are two major challenges of society, and improving energy utilization efficiency and protecting the environment have received widespread attention. [1] [2] [3] [4] Thermal energy storage (TES) is a crucial technology for enhancing energy efficiency and matching energy supply and demand in time or space. 2 TES has been widely used in reducing building energy consumption, utilizing solar energy, recovering industrial waste heat, peak load shiing strategies, homothermal textiles, and cooling systems. [5] [6] [7] [8] [9] [10] TES materials can absorb heat when thermal energy is abundant and release it again when thermal energy is insufficient. 11 The potential utility of these materials has meant that fabrication of new TES materials has attracted growing attention. 12, 13 Phase change materials (PCMs) can store and discharge latent heat during liquidation and solidication, and have particular attraction in TES applications. [14] [15] [16] Because of their excellent chemical stability, large thermal storage capacity, dened melting points for convenient application, and abundance in nature, organic solid-liquid PCMs have been researched extensively and then used in a range of applications. [17] [18] [19] However, PCMs suffer from a number of deciencies which have limited their application including thermal conductivity 20, 21 and inferior thermal durability 22 which can conne efficient energy conversion and lead to leakage during the phase change process. 23 To address these inherent shortcomings in PCMs, a number of approaches have been adopted including mixing PCMs with polymers, incorporating PCMs into porous supports, or encapsulating PCMs in shells, etc. [24] [25] [26] [27] [28] Combining PCMs with support matrixes has been testied to be an effective method among these. 29 Graphite-based materials have been used as support due to their porous structure and high thermal conductivities in the range of 10-70 W m À1 K À1 . 30 Cabeza's group 31, 32 successfully embed the paraffin into the graphite and made experimental set-up to evaluate its thermal energy storage performance. Liu and Yang 33 skillfully used carbon nanotube and expanded graphite to synergistically improved the thermal conductivity of the composite PCMs. Liu and Rao 34 combined the exfoliated graphite and graphene with the paraffin to prepare composite PCMs, which can greatly enhance the thermal conductivity of pure paraffin. Kim's group 35, 36 successfully incorporated the paraffin and fatty acid ester into the exfoliated graphite nanoplatelets to achieve high-performance composite PCMs. Furthermore, there are some researches on modifying graphite-based materials to increase the PCM loadage in composites or to improve properties of form-stable PCMs. Wei et al. 37 intercalated reagent ions into the interlayer of graphite and then heat samples above 1000 K to get the exible expanded graphite with a larger layer spacing and higher thermal diffusivity. Kitaoka et al. 38 used the superheated steam treatment method to increase the thermal diffusivity of exible graphite sheets. Zhang et al. 39 used graphite powder with an expandable rate of 300 ml g À1 to fabricate expanded graphite (EG) at 800 W irradiation power for 10 s to prepare the paraffin/EG composite PCM. Sarı and Karaipekli 40 chosen expanded graphite as support material to obtain composite PCMs, which can greatly enhance the mass fraction of PCM. Yuan's group [41] [42] [43] [44] [45] had a series of research works on expanded graphite composite PCMs with high thermal energy storage performance. Li et al. 16 used graphite powder to produce graphene oxide and then skillfully stabilized stearic acid to prepare composite PCMs with adjustable thermal properties. The above approaches have all been shown to produce stable composite PCMs with high thermal storage capacity and thermo-stability.
Much effort has been directed to expanding the layer spacing of natural graphite, and then to support the phase change materials, relative works on modifying the surface of that are not sufficient. And the simplicity of preparation, availability of materials, environmental 'friendliness', and economic efficiency have not been considered together. In this paper, present a facile route to synthesize the shape-stabilized PCMs from the natural graphite. We rstly decorated the surface of natural FG by hydrogen peroxide, a mild oxidizing agent, in conjunction with microwave radiation, which is simpler and more economical in synthesis of supporting matrix. Then SA was absorbed into the FG to fabricate SA/FG composites. Moreover, the obtained composite PCMs show large thermal conductivity, high thermal stability, and superior thermal-regulated property.
Experimental

Materials
Raw ake graphite (FG r ) with a mean size range of 0.5-1.0 mm and thickness 0.02-0.05 mm were supplied by Qindao Tengshengda Carbon Co., Ltd., China. Stearic acid (CH 3 (CH 2 ) 16 COOH, SA) with a phase change temperature range of 56-69.9 C was provided by Tianjin Hengxing Chemical Reagent Co., Ltd., China. H 2 O 2 (30 wt%) was provided by Xilong Chemical Co., Ltd., China.
Decorating the surface of FG r
The FG r was pre-treated by H 2 O 2 solution in conjunction with microwave radiation as follows: FG r (8.0 g) was soaked with H 2 O 2 (100 g, 30%) solution. The mixtures was placed inside a beaker with plastic wrap, and irradiated at 700 W for 1, 5, and 9 min in microwave oven, respectively. Aer vacuum suction ltration, and drying at 60 C for 24 h. Materials obtained by radiation times of 1, 5, and 9 min were designated as FG 1 , FG 2 , and FG 3 , respectively, and non-treated raw ake graphite was FG r .
Preparation of the SA/FG composites
The SA/FG composites were synthesized via vacuum impregnation, following the fabricating process as follows: 8.0 g SA (an excess) and 5.0 g modied FG were put into an erlenmeyer ask, which was concatenated to a suction pump by using a unit of preventing of backward suction. The erlenmeyer ask was created a vacuum at À0.1 MPa for 5 min, and then maintained its temperature at 95 C for 30 min via a constant temperature bath. The vacuum was released and the ask heated at 80 C for 5 min in an ultrasonic bath before cooling to room temperature. The resulting mixture was ltered at 80 C to produce the nal stearic acid/ake graphite (SA/FG) composites. The composites were labeled as SA/FG r , SA/FG 1 , SA/FG 2 , and SA/FG 3 , respectively.
Characterization
The thermal storage properties of SA/FG composites and SA were determined by differential scanning calorimetry (DSC; TA Instruments Q2000; AE0.01 C for phase-transition temperatures and AE0.05% for latent heat values) at a heating/cooling rate was 5 C min À1 from 20 to 80 C under N 2 atmosphere. The thermal stability of the SA/FG composites and SA were carried out using thermogravimetry-differential scanning calorimetry (TG-DSC; AE1% for enthalpy values) at a heating rate of 10 C min À1 from room temperature to 600 C in a N 2 atmosphere, using a-Al 2 O 3 crucibles in NETZSCH STA 449F3. The crystalline phase of FG and SA/FG composites were tested by an X-ray diffraction (XRD) using a Rigaku D/max-rA analyzer (Cu-Ka, l ¼ 1.54Å) at a current of 40 mA, voltage of 40 kV, scan range from 5-80 and step size of 0.02 . The thermal conductivity of pure SA, FG, and SA/FG composites were obtained from a DRX-II-RW thermal conductivity test instrument (AE3% for thermal conductivities) through a steady-heat ow method. 46 The morphologies of FG r , FG 3 , and their corresponding SA/FG composites were characterized using scanning electron microscopy (SEM; JEOL JSM-6360LV). The change of surface chemical groups on FG r and FG 3 were analyzed by X-ray photoelectron spectroscopy (XPS; K-Alpha 1063 instrument; 30-400 mm analytic area, 0.5 eV resolution) with focused monochromatized Al Ka radiation. Fourier transform infrared spectroscopy (FT-IR) of all samples was performed in the range of 4000-400 cm À1 at room temperature (Thermo Electron Corporation Nicolet 6700 FTIR spectrometer) and was operated at condition that the content of sample in KBr was around 1%. The thermal storage/release performances of SA and SA/FG 3 composite were investigated by an experimental set-up ( Fig. S1 †) in which the accuracy of thermal couple is AE 0.1 C, and the thermal-regulated properties were measured through a thermal infrared imager (FLIR T62101; AE2 C). Nitrogen gas adsorption-desorption isotherms for the FG were measured by an ASAP 2020 surface area and porosimetry system, and the FG samples were outgassed prior to the measurement at 523.15 K and 10 À4 mbar for 12 h.
Results and discussion
The XRD patterns of the SA and SA/FG composites are shown in materials of FG 1 , FG 2 , and FG 3 all displayed a strong diffraction peak at 2q ¼ 26.57 due to the regular crystallization of (002) planes of graphite layers, 47, 48 and a weak one centered at 2q ¼ 54.65 ( Fig. 1a ). This means that the FG did not change its physical properties aer being treated by H 2 O 2 solution and microwave irradiation. The XRD peaks of SA also appeared in the SA/FG composites ( Fig. 1a ). There were no additional diffraction peaks observed, indicating that FG matrixes had physical integration but no chemical reaction with SA.
Moreover, it could be seen that the intensity of SA diffraction peaks in SA/FG composites were all weaker than that of pure SA. This is because SA was absorbed into the FG so tightly that caused a decreasing of diffraction peak intensity of the SA. 49 Fig. 2 displays the SEM images of FG r , FG 3 , and their corresponding SA/FG composites. As shown in Fig. 2a , FG r had a smooth surface without cracks. The whole structure of FG r was compacted, which inhibited incorporation of the melted SA into the FG r during impregnation. In Fig. 2b , cracks are evident on the surface or in the inner of the FG 3 , and the layer structure of FG 3 appear to have been signicantly damaged due to 9 min microwave irradiation in hydrogen peroxide solution. It can be concluded that combined H 2 O 2 -microwave treatment can increase the surface roughness of treated ake graphite. Aer impregnation, the sizes of two composites were all increased by supporting the melted SA ( Fig. 2c and d) . In comparing the loading capacities of these two composites, SA was less adsorbed into the FG r (18.36%) but abundantly incorporated into the FG 3 (32.40%). Furthermore, the melted SA was rarely loaded on the surface of the FG r but while attached abundantly onto the surface of FG 3 . The thermostability of the SA and SA/FG composites were characterized by TG-DSC ( Fig. 3 ). As shown in Fig. 3a , only one single decomposition process existed in the tested temperature range, which due to the degradation of SA. Meanwhile, FG decomposed little in the range 25 C to 600 C. The 5% mass loss temperature (T 5% ) and the complete decomposition temperature were used to evaluate the thermal stability. The pure SA started to degrade at approximately 200 C and had totally decomposed and evaporated at a temperature of 290 C, while the SA/FG composites started to decompose at about 230 C and evaporated completely at above 300 C. The T 5% of pure SA (around 223 C) was comparatively lower than the T 5% of the SA/FG composites (around 262 C) indicating the SA/FG composites had a greater thermal stability than pure SA. Furthermore, the initial decomposition temperature of SA/FG composites were signicantly higher than their own phase change temperature, namely, the SA/FG composites had excellent thermal stability during the phase change process and in a higher temperature range (up to 230 C). As can be seen in Fig. 3a , the maximum mass fractions of SA in SA/FG r , SA/FG 1 , SA/FG 2 , and SA/FG 3 were 18.36%, 21.47%, 27.33%, and 32.40%, respectively, and the complete decomposition temperatures (T max ) for SA/FG r , SA/FG 1 , SA/FG 2 and SA/FG 3 were 313, 320, 330, and 340 C, respectively. This suggests that the SA/FG composites produced by longer microwave irradiation times had higher thermostability. From thermal degradation analysis, the DSC curves of SA and SA/FG composites were similar in form (Fig. 3b ), and the corresponding endothermic peaks of solid-liquid phase change all centered in the range 50-58 C (inset Fig. 3b ). Moreover, it was found that the endothermic enthalpies of SA/FG composites increased with increasing SA mass fraction in the composites. In the SA curve, an endothermic peak at above 290 C suggested a decomposition of pure SA and endothermic peaks in the curves of SA/FG composites indicated that the SA incorporated in SA/FG composites also decomposed at this temperature. Fig. 4 shows DSC curve of the SA and SA/FG composites from 20 to 80 C under a N 2 atmosphere. The corresponding thermal characteristic data of the SA and SA/FG composites are presented in Table 1 . The pure SA had two phase change peaks for melting and solidication, and each of them had one phase change temperature: the melting temperature (T m ) was 52.09 C in the endothermic curve, and the freezing temperature (T f ) 53.10 C in the exothermic curve. The DSC curves of SA/FG composites illustrated the melting temperature range to be 50-58 C, and the solidication temperature range 48-54 C. The phase change characteristics of the SA/FG composites were similar to that of pure SA, which reected that there was no chemical reaction between pure SA and FG during the impregnation process. Furthermore, the melting and solidication points increased with the increasing of SA loading in composites (Table 1) . Thermal storage capacity (which in effect is the latent heat value) is an important reference index for quantifying the thermal storage performance of composite PCMs. The melting (DH m ) and freezing (DH f ) latent heats of pure SA were 191.6 J g À1 and 190.0 J g À1 , respectively, in comparison, 34.10 J g À1 and 34.09 J g À1 for SA/FG r ; 38.60 J g À1 and 38.17 J g À1 for SA/FG 1 ; 50.34 J g À1 and 50.20 J g À1 for SA/FG 2 and 61.05 J g À1 and 61.00 J g À1 for SA/FG 3 , respectively. Each of these values were slightly lower than the theoretical values (Table 1) . Except for the lower fraction of SA within the composites, the decreases of melting and freezing latent heats are also attributed to parts of the long-chain alkanes, limited in the narrow space of the supports, could not melt completely and crystallize. Based the previous reports, 13, 17, 20, 50, 51 the crystallinity (F c ) was used to represent the interactions between the SA and the supports, which would cut down the latent heats of the composites:
where DH pure and DH composite are the latent heats of pure SA and the composites, respectively, and b denotes the content of SA in the composites. The F c of SA in SA/FG 3 (98.34%) was higher than that of SA/FG 1 (93.85%) and SA/FG 2 (96.14%). Previous researches have demonstrated that there were disordered SA conned in the composites and ordered SA free in the composites, and the conned SA is unable to crystallize and fail to storage thermal energy. 13, 17, 52 Besides that, the SA in SA/FG 3 had a higher effective energy stored per unit mass of SA (E ef about 188.4 J g À1 ) than SA/FG 1 and SA/FG 2 . As compared with melting latent heats of SA/FG r , the thermal storage capabilities of SA/FG 1 , SA/FG 2 , and SA/FG 3 were 113.2%, 147.6%, and 179.0% higher than that of SA/FG r , respectively. This indicates that the latent heat values increased with the contents of the SA in composites, and the microwave time could affect the thermal storage capacities of SA/FG composites by increasing SA mass fraction. To further illuminate these phenomenon, the pore structures of the FG r , FG 1 , FG 2 , and FG 3 were depicted in Fig. 5 by nitrogen gas adsorption-desorption isotherms, and the specic surface areas and porous properties of FG were listed in Table S1 . † The specic surface areas of FG r , FG 1 , FG 2 , and FG 3 were 0.824, 1.099, 1.154, and 1.277 m 2 g À1 , respectively, indicating that the specic surface areas of FG increased with increasing radiation times. The adsorption cumulative volume of pores of FG r , FG 1 , FG 2 , and FG 3 were 0.00432, 0.00467, 0.00427, and 0.00425 cm 3 g À1 , respectively, suggesting that H 2 O 2 -microwave treatment had little effect on pore volume of FG. Therefore, it can be inferred that the variation of specic surface areas of FG maybe in relation to the cracks of treated FG (see the SEM analysis) and the change of function groups on the FG surface (see subsequent XPS analysis). The FG had different pore size distributions (Fig. 5b) . As seen in the inset of Fig. 5b , the FG r had no pore volume while the pore diameter <10 nm. Conversely, aer H 2 O 2 -microwave treatment, FG 1 , FG 2 , and FG 3 had pore volume in this pore diameter range; the pore diameter shied to the higher size with increasing radiation times: FG 1 < 2.5 nm, FG 2 < 9 nm, FG 3 > 9 nm. Smaller pore size resulted in stronger capillary force, 53, 54 which resulted in more conned SA in SA/FG composites. 55 Consequently, F c of SA in SA/FG 3 was superior to that of SA/FG 1 and SA/FG 2 . Also the thermal reliability of SA/FG 3 was evaluated by thermal-cycling tests (Fig. S2 †) . It was observed that thermal cycles changed T m and T f of SA/FG 3 composite slightly. And the variation of latent heat in melting and freezing were 0.019% and À0.033% aer 50 cycles, and À0.016% and À0.049% aer 100 cycles, respectively. These results were within the instrumental uncertainty (AE0.05%), and it was concluded that the composite exhibited good thermal reliability. Thermal conductivity is a fundamental factor for composite PCMs. The thermal conductivity values were 5.47, 4.81, 4.47, and 4.35 W m À1 K À1 for FG r , FG 1 , FG 2 , and FG 3 , respectively (Table S2 †). It indicates that the thermal conductivities of FG decreased with increasing radiation times due to more cracks and grain boundaries in the treated FG which reduce the ability of thermal conduction. 55 Aer introducing the SA (l is 0.26 W m À1 K À1 ) into the FG, the thermal conductivities of the composites reached 4.08, 3.83, 3.66, and 3.18 W m À1 K À1 for SA/FG r , SA/FG 1 , SA/FG 2 , and SA/FG 3 , respectively (Table S2 †) . For SA/FG composites, the thermal conductivities decreased not only as the H 2 O 2 -microwave treatment time increased, but also as the contents of SA increased. Moreover, the thermal conductivity values of SA/FG 3 composite was 3.18 W m À1 K À1 compared to pure SA of 0.26 W m À1 K À1 (i.e. 12.2 times higher). It was thus concluded that ake graphite can dramatically enhance the thermal conductivity of pure SA.
The direct thermal storage and release properties of the SA/ FG 3 composite was investigated by comparison with that of pure SA using the experimental set-up shown in Fig. S1 . † Fig. 6 shows the temperature-time curves for melting and freezing process in the range 27-70 C. During the heating process, it took 185 s for SA to reach melting temperature. This compared to only 55 s for the SA/FG 3 composite, indicating a substantially higher thermal storage rate than that of pure SA. The SA/FG 3 took 191 s to reach the balance temperature (about 66.5 C), whereas pure SA took 489 s to reach the same temperature. During the cooling process, it took 65 s and 410 s for SA to reach its freezing temperature and initial temperature respectively, but only 40 and 277 s for the SA/FG 3 composite, indicating the thermal release rate of SA/FG 3 was clearly higher than that of pure SA. SA/FG 3 reached the temperature plateaus (phase change points) in a shorter time than pure SA, manifesting that thermal storage/release rates were enhanced by incorporating FG.
Furthermore, in order to reveal the enhancementmechanism resulting from H 2 O 2 -microwave treatment of graphite in SA/FG 3 , the change of function groups on the ake graphite surface was studied using XPS. The full XPS spectra of the FG r and FG 3 are presented in Fig. 7a and the ratio of carbon to oxygen (C/O) on the surfaces listed in Table 2 . These data show that the surface of ake graphite was basically composed of carbon, oxygen and nitrogen. The element contents of carbon and oxygen were 97.37% and 2.28% for the FG r , respectively, 94.96% and 4.32% for FG 3 , respectively. The C/O ratio of treated ake graphite (FG 3 ) was signicantly lower than that of the untreated material (FG r ) (21.98 compared to 42.71) as a result of the surface oxidation of carbon of ake graphite. Comparing spectra of the FG 3 with that of FG r , it was observed that intensity of C1s peak was reduced aer H 2 O 2 -microwave treatment, while that of the O1s peak of FG 3 was enhanced (Fig. 7a ). This supports earlier results that H 2 O 2 oxidation occurred on the surface of FG. A computer simulation (Thermo Avantage) was used to analyze the intensity contribution of main functional component peak ( Fig. 7b and c) . As it shown, typical XPS spectra of the C1s and O1s peak regions were located at 284.98 eV and 531.88 eV respectively. 56 It was found that the C1s peaks with binding energy at 284. 18, 284.98, 286.08, 287.26, and 288 .98 eV could be suited into a line shapes. 57, 58 The function groups of the C1s peak region containing 7.98% C]C (sp 2 ), 78.36% C-C (sp 3 ), 7.34% C-O, 4.62% C]O, and 1.17% COOH for FG r , 3.20% C]C (sp 2 ), 77.60% C-C (sp 3 ), 13.21% C-O, 3.89% C]O, and 2.11% COOH for FG 3 are summarized in Table 3 . Compared to FG r , surface content of C-O and COOH functional groups on the FG 3 surface were all increased, while the C]C (sp 2 ) and C-C (sp 3 ) functional groups were decreased. That is to say, ake graphite surface was oxidized by hydrogen peroxide in conjunction with microwave radiation and became more polarized. And the polar melted SA be easy to interact with surfaces graphite due to polarity effect during impregnation. So, the more SA were supported by FG 3 . It was described in atomicscale in Fig. 8 . Furthermore, according to the thermal-cycling tests, the latent heat of SA/FG 3 composite aer 100 cycles was 99.98% compared with non-cycling test composite. It means that the SA supported in decorated FG showed great thermalcycling performances, and the reason for no SA leakage was because of the interfacial interaction between decorated FG and pure SA. Also, the FTIR of SA, FG 3 , and SA/FG 3 were studied ( Fig. S3 †) , a hydrogen bonding was formed between the band at 918 cm À1 of FG 3 (hydroxyl) and at 933 cm À1 of SA (OH functional group). 52, 59 The hydrogen bonding can be serve as heat transmission bridge (Fig. 8) . Moreover, as the graphite had a high thermal conductivity it can dramatically enhance the thermal conductivity of pure SA in the SA/FG 3 composite.
The temperature-regulated property was measured by using the thermal infrared imager to record different temperature area (Fig. 9 ). The SA/FG 3 (SP1) and pure SA (SP2) tabletting rounds were rst maintained at a room temperature (27 C) and then exposed to a thermostatic board with a temperature of 65 C simultaneously. Thermal images illustrated that two samples absorbed heat and then reached points around their phase change temperature (Fig. 9a-c) . Aer that, the pure SA increased its temperature to the highest point sustainably (Fig. 9d ). The thermoregulatory effect was observed from the variation process that the SA and SA/FG 3 had a temperature change about 3.1 C and 2.1 C respectively from 60 to 300 s (Fig. 9b & c) , while about 10.6 C and 5.9 C respectively from 300 to 720 s ( Fig. 9c & d) . It seems that the SA/FG 3 composite possessed superior temperature-regulated properties, and can storage and discharge amounts of heat during phase change process within a small temperature range. In addition, aer heating for about 300 s (Fig. 9c ) the solid SA began to melt and aer 720 s was entirely in the liquid phase ( Fig. 9d ), while the SA/FG 3 composite kept its shape under the whole heating process. It suggested that the obtained composite material had an excellent non-leakage capacity. 60 
Conclusion
SA/FG composites were synthesized by absorbing SA into the FG which under H 2 O 2 -microwave treatment, and the maximum content of SA reached to 32.4% in the SA/FG 3 composite while the microwave time of 9 min. As a result, it was found that there was no chemical interactions between SA and FG from XRD results. The SEM conrmed that the H 2 O 2 -microwave treatment increased the surface roughness of treated ake graphite and loosen the compacted structure. From the DSC, the SA/FG 3 composite had 61.05 J g À1 and 61.00 J g À1 of latent heat for melting and freezing, respectively, a good thermal reliability aer 100 thermal cycling tests, and an excellent thermal stability within 230 C. The thermal conductivity of SA/FG 3 was 3.18 W m À1 k À1 , and the thermal storage/release test of SA/FG 3 composite indicated that the thermal release rate of SA/FG 3 was clearly higher than that of pure SA. According to the XPS analysis, the oxygen-containing functional groups in the surface of the FG 3 were increased aer microwave radiation in H 2 O 2 . The enhancement-mechanism resulting from H 2 O 2 -microwave treatment of graphite in SA/FG 3 was demonstrated in atomicscale. Infrared imager showed the SA/FG 3 possessed superior temperature-regulated properties. In conclusion, the SA/FG 3 has been demonstrated to have potential for application in thermal energy storage system.
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